We used event-related functional MRI to investigate the neural bases of two categories of mental processes believed to contribute to performance of an alphabetization working memory task: memory storage and memory manipulation. Our delayed-response tasks required memory for the identity and position-in-the-display of items in two-or five-letter memory sets (to identify loadsensitive regions) or memory for the identity and relative positionin-the-alphabet of items in five-letter memory sets (to identify manipulation-sensitive regions). Results revealed voxels in the left perisylvian cortex of five of five subjects showing load sensitivity (as contrasted with alphabetization-sensitive voxels in this region in only one subject) and voxels of dorsolateral prefrontal cortex in all subjects showing alphabetization sensitivity (as contrasted with load-sensitive voxels in this region in two subjects). This double dissociation was reliable at the group level. These data are consistent with the hypothesis that the nonmnemonic executive control processes that can contribute to working memory function are primarily prefrontal cortex-mediated whereas mnemonic processes necessary for working memory storage are primarily posteriorly mediated. More broadly, they support the view that working memory is a faculty that arises from the coordinated interaction of computationally and neuroanatomically dissociable processes. E lucidation of the cognitive and neural architectures underlying human working memory has been an important focus of cognitive neuroscience for much of the past decade (1-3). Two conclusions that arise from this research are that working memory, a faculty that enables temporary storage and manipulation of information in the service of behavioral goals, can be viewed as neither a unitary nor a dedicated system. For example, behavioral and functional neuroanatomical dissociations of working memory for different kinds of stimulus information attest to its componential nature (2, 4-6), and working memory performance recruits neuroanatomical systems that are also responsible for perceptuomotor information processing (7, 8 ). In the current experiment, we tested the hypothesis that the processes supporting the strictly mnemonic demands of a working memory task can be dissociated anatomically from the processes supporting the executive control demands of the same task. We developed this hypothesis after concluding from a review of the neuropsychological literature that performance on tests of immediate serial recall for verbal and spatial stimuli (i.e., memory ''span''), widely accepted as indices of working memory storage capacity, is not impaired by damage to the prefrontal cortex (PFC) (9). This fact stands in contradistinction to the overwhelming evidence from functional neuroimaging research that working memory function is associated with PFC activation. Setting aside limitations on the ability to infer the necessity of a brain region's contributions to a cognitive process from physiological observations (10, 11), this apparent disparity can be reconciled if one posits that the PFC activity seen in neuroimaging studies of working memory tasks reflects primarily the operation of executive control processes recruited by these tasks (3, 12). Candidate executive control processes that can contribute to working memory function include shifting attention among items held in working memory (13, 14) , inhibition of prepotent responses (15), mediation of proactive interference (16, 17), updating mnemonic representations (18-20), and coordination of multiple task performance (21). [There is also evidence that rehearsal processes critical to performance on some tests of delayed response (as contrasted with tests of span) may depend on PFC (9)].
We used event-related functional MRI to investigate the neural bases of two categories of mental processes believed to contribute to performance of an alphabetization working memory task: memory storage and memory manipulation. Our delayed-response tasks required memory for the identity and position-in-the-display of items in two-or five-letter memory sets (to identify loadsensitive regions) or memory for the identity and relative positionin-the-alphabet of items in five-letter memory sets (to identify manipulation-sensitive regions). Results revealed voxels in the left perisylvian cortex of five of five subjects showing load sensitivity (as contrasted with alphabetization-sensitive voxels in this region in only one subject) and voxels of dorsolateral prefrontal cortex in all subjects showing alphabetization sensitivity (as contrasted with load-sensitive voxels in this region in two subjects). This double dissociation was reliable at the group level. These data are consistent with the hypothesis that the nonmnemonic executive control processes that can contribute to working memory function are primarily prefrontal cortex-mediated whereas mnemonic processes necessary for working memory storage are primarily posteriorly mediated. More broadly, they support the view that working memory is a faculty that arises from the coordinated interaction of computationally and neuroanatomically dissociable processes. E lucidation of the cognitive and neural architectures underlying human working memory has been an important focus of cognitive neuroscience for much of the past decade (1) (2) (3) . Two conclusions that arise from this research are that working memory, a faculty that enables temporary storage and manipulation of information in the service of behavioral goals, can be viewed as neither a unitary nor a dedicated system. For example, behavioral and functional neuroanatomical dissociations of working memory for different kinds of stimulus information attest to its componential nature (2, (4) (5) (6) , and working memory performance recruits neuroanatomical systems that are also responsible for perceptuomotor information processing (7, 8) . In the current experiment, we tested the hypothesis that the processes supporting the strictly mnemonic demands of a working memory task can be dissociated anatomically from the processes supporting the executive control demands of the same task. We developed this hypothesis after concluding from a review of the neuropsychological literature that performance on tests of immediate serial recall for verbal and spatial stimuli (i.e., memory ''span''), widely accepted as indices of working memory storage capacity, is not impaired by damage to the prefrontal cortex (PFC) (9) . This fact stands in contradistinction to the overwhelming evidence from functional neuroimaging research that working memory function is associated with PFC activation. Setting aside limitations on the ability to infer the necessity of a brain region's contributions to a cognitive process from physiological observations (10, 11) , this apparent disparity can be reconciled if one posits that the PFC activity seen in neuroimaging studies of working memory tasks reflects primarily the operation of executive control processes recruited by these tasks (3, 12) . Candidate executive control processes that can contribute to working memory function include shifting attention among items held in working memory (13, 14) , inhibition of prepotent responses (15) , mediation of proactive interference (16, 17) , updating mnemonic representations (18) (19) (20) , and coordination of multiple task performance (21) . [There is also evidence that rehearsal processes critical to performance on some tests of delayed response (as contrasted with tests of span) may depend on PFC (9)].
The preponderance of neuroimaging studies revealing working memory-related PFC activation have featured blocked experimental designs and have thus not permitted direct assessment of the relative contributions of mnemonic and executive control processes to PFC activation (22, 23) . The present functional MRI (fMRI) study, in contrast, featured an event-related experimental design and analysis that permitted temporal isolation of the neural correlates of processes contributing to different components of the working memory task (i.e., target presentation͞encoding, instructions, delay, probe͞response) (24) . It also featured manipulation of two variables, load and alphabetization, that index, respectively, mnemonic processes and executive control processes contributing to performance on our working memory task. Previous functional neuroimaging studies of working memory that have revealed effects of manipulating ''load'' in PFC (25) (26) (27) have done so in the context of tasks that do not permit dissociation of the strictly mnemonic consequences of varying the number of memoranda from commensurate effects on the executive control processes listed above.
Previous research has identified a role for dorsolateral PFC in supporting the control processes required to manipulate information held in working memory (28, 29) . A review of the neuropsychological (9, 30) and neuroimaging (31, 32) literatures, in contrast, suggests a role for left posterior perisylvian cortex in short-term storage of verbal information. In the present experiment, we operationalized the manipulation of information by requiring subjects to reorder into alphabetical order the five randomly ordered letters of a memory set (Alphabetize 5) and contrasting evoked fMRI signal from this condition with signal from trials in which no alphabetization of the five memoranda was required (Forward 5). We operationalized the storage of information by varying the number of items to be remembered during a delay (i.e., load: Forward 5 vs. Forward 2 conditions; Fig. 1 ). We predicted that regions of dorsolateral PFC would be sensitive to variations of alphabetization, but insensitive to variations of load, and that regions of the left posterior perisyl-vian cortex would be sensitive to variations of load, but insensitive to variations of alphabetization. Additionally, we predicted that, whereas maintenance of five letters across the delay period would engage dorsolateral and ventrolateral PFC (Forward 5), adding the requirement to alphabetize five letters during the delay (Alphabetize 5) would result in additional activity only in dorsolateral PFC, a result that would be consistent with processing models of the organization of working memory function in PFC (28, 29) .
Methods
Subjects. The five healthy, unmedicated subjects [four male; mean age ϭ 24.2 (SD ϭ 2.95)] were recruited from the undergraduate and medical campuses of the University of Pennsylvania, and all gave informed consent.
Behavioral Task. Each trial in the item-position recognition task lasted 14 sec, presenting sequentially the memory set (2.5 sec), initial delay (1 sec), instructions (''forward'' or ''alphabetize''; 500 msec), principal delay (8 sec), and a letter-digit probe (1 sec; Fig. 1 ). The intertrial interval was 16 sec. The memory set for each trial type consisted of either two (Forward 2) or five (Forward 5 and Alphabetize 5) randomly selected and randomly ordered consonant letters. The probe always contained a letter from the memory set, and the digit represented with P ϭ 0.5 the correct position of that letter. The Forward 2 and Forward 5 conditions assessed memory for the position of each letter as it appeared in the display of the memory set. The probe in the Alphabetize 5 condition assessed memory for the alphabetical position of each item in the memory set, relative to the other four items.
MRI Technique. Imaging was carried out on a 1.5T SIGNA scanner (GE Medical Systems, Milwaukee, WI) equipped with a prototype fast gradient system for echo-planar imaging. A standard radiofrequency head coil was used with foam padding to restrict comfortably head motion. High resolution sagittal and axial T1-weighted images were obtained in every subject. A gradient echo, echoplanar sequence (TR ϭ 2000 msec, TE ϭ 50 msec) was used to acquire data sensitive to the blood oxygen leveldependent signal. Scans of the behavioral task were preceded by a scan in which we derived the impulse response function (IRF) for each subject. The IRF, which characterizes the fMRI response resulting from a brief impulse of neural activity (33) , was used to convolve independent variables entered into the modified general linear model (see ''Data Analysis'' section below) (34) that we used to analyze the results of the scans of our behavioral task. This IRF derivation scan lasted 7 min (200 images͞slice). Each fMRI scan of the working memory task lasted 6 min 20 sec (180 images͞slice). fMRI data collection during all scans was preceded by 20 sec of dummy gradient and radiofrequency pulses to achieve a steady state of tissue magnetization.
Data Analysis. Our method for deriving the IRF is described in detail elsewhere (35) . In brief, we derived the IRF from primary sensorimotor cortex in each subject by scanning while the subject performed a simple button-press reaction-time task. The fMRI data from this scan were analyzed within the modified general linear model by using a Fourier basis set of four sines and four cosines. A partial F test was used to evaluate significance of activity in sensorimotor cortical voxels, and an IRF estimate was extracted from the suprathreshold voxels by averaging their time series, filtering the resultant spatially averaged fMRI time series to remove high (Ͼ0.244 Hz) frequencies, adjusting it to remove the effects of nuisance covariates (36) , and trial-averaging it.
fMRI data from the item-position recognition task also were analyzed with the modified general linear model (34) . The principle of the fMRI time series analysis was to model the fMRI signal changes occurring during particular temporal periods of the behavioral trials with covariates comprised of shifted, blood oxygen level-dependent IRFs (24, 37) . Differences in delay-period fMRI signal were tested with contrasts of covariates that modeled the expected blood oxygen leveldependent signal response in the event of an increase in neural activity (relative to the intertrial interval) occurring during the delay period of each trial. For example, a contrast assessing a load effect would be effected as the difference of the parameter estimates associated with the covariates modeling delayperiod activity in Forward 5 trials and Forward 2 trials: (Delay Forward 5 Ϫ Delay Forward 2 ). Importantly, we used this method to obtain measures of delay-period activity that were not contaminated by variance in the fMRI time series attributable to stimulus presentation or response activity. Smoothness of the fMRI response to neural activity allows fMRI responses to be resolved on the order of 4 sec (24). False positive rates for all contrasts were controlled at ␣ ϭ 0.05 by Bonferroni correction for the number of voxels per region of interest (ROI) (38) . This correction for multiple comparisons, combined with the fact that we did not spatially smooth our data, meant that individual suprathreshold voxels identified by a particular contrast could be interpreted as demonstrating significant activity in relation to that contrast.
Defining ROIs. ROIs were created for each subject by first creating a standard set of ROIs on a representation of a brain corresponding to a standardized coordinate frame (39) . These ROIs defined dorsolateral PFC (areas 9 and 46), ventrolateral PFC (areas 44, 45, and 47), left posterior perisylvian cortex (areas 22, 39, and 40), and several right posterior cortical regions (selected with the procedure described in the next section, ''Hypothesis Testing''). These standardized ROIs then were transformed into coordinates corresponding to each subject's fMRI scan (effectively, a reverse normalization). Thus, the fMRI data for this experiment were analyzed in the coordinates in which they were acquired.
Hypothesis Testing. Alphabetization sensitivity vs. load sensitivity in dorsolateral PFC. The principal hypothesis tests were performed in dorsolateral PFC on single-subject data and proceeded in two steps. First, we searched for alphabetization-sensitive voxels with the contrast (Delay Alphabetize 5 Ϫ Delay Forward 5 ), and, in parallel, we searched for load-sensitive voxels with the contrast (Delay Forward 5 Ϫ Delay Forward 2 ). Second, an averaged time series was extracted from the alphabetization-sensitive voxels and was assessed for load sensitivity with the contrast (Delay Forward 5 Ϫ Delay Forward 2 ), and an averaged time series was extracted from the load-sensitive voxels and was assessed for alphabetization sensitivity with the contrast (Delay Alphabetize 5 Ϫ Delay Forward 5 ). Significance for these and all subsequent hypothesis testing contrasts performed on spatially averaged time series data was set at t ϭ 1.96.
Alphabetization sensitivity vs. load sensitivity in left posterior
perisylvian cortex. The principle hypothesis tests were performed in the left posterior perisylvian cortex in a similar manner, except that our a priori predictions about the critical locus of memory storage activity were not as precise as were our predictions about the critical locus of alphabetization activity. Thus, our first step was to define the critical left posterior perisylvian ROI for each subject by identifying load-sensitive voxels (with the contrast [Delay Forward 5 Ϫ Delay Forward 2 ]) within the functionally and cytoarchitectonically defined ROIs in left posterior perisylvian cortex that have been implicated in previous neuropsychological studies: left inferior parietal lobule (areas 39 and 40), left posterior insular and opercular cortex within the Sylvian fissure, and left superior temporal gyrus (area 22) (30). When loadsensitive voxels had been identified and localized to a particular ROI, we next searched for alphabetization-sensitive voxels within that ROI (with the contrast [Delay Alphabetize 5 Ϫ Delay Forward 5 ] ). Finally, assessment of alphabetization sensitivity within load-sensitive posterior perisylvian voxels and of load sensitivity within alphabetization-sensitive posterior perisylvian voxels was accomplished by using the same method used in dorsolateral PFC.
Confirmatory group analyses. To confirm that we were not biasing our results by only testing our hypothesis in voxels that showed suprathreshold alphabetization-or load-sensitive activity, we performed two additional analyses at the group level. The goal of these tests was to assess whether the activity of the suprathreshold voxels identified by the principal hypothesistesting contrasts was representative of activity pooled across the ROI in which they were located, or whether these critical voxels displayed anomalous activity that did not characterize the behavior of that ROI as a whole. First, within each subject, we extracted region-wide time series by collapsing across all voxels in dorsolateral PFC and by collapsing across all voxels in the critical posterior perisylvian ROI. Next, we assessed alphabetization sensitivity and load sensitivity by applying to each of these two spatially averaged time series the contrasts (Delay Alphabetize 5 Ϫ Delay Forward 5 ) and (Delay Forward 5 Ϫ Delay Forward 2 ). The resultant t values would index, for each subject, the extent to which these two ROIs exhibited, on average, alphabetization sensitivity and load sensitivity. Last, we performed two random effects group analyses, one for each ROI, to assess whether there was a reliable trend toward a greater alphabetization effect or a greater load effect in either ROI. These group analyses were realized as paired t tests (with 4 degrees of freedom), with each subject contributing an alphabetization-effect score and a loadeffect score for each ROI (Table 1) .
Right hemisphere group analysis. We also planned to test the specificity of the predicted load-sensitive but alphabetizationinsensitive nature of the left posterior perisylvian ROIs by applying the same hypothesis testing and group analysis procedures in the right hemisphere: first, identify load-sensitive voxels in right hemisphere posterior perisylvian regions; next, collapse across all voxels in these right hemisphere ROIs, extract spatially averaged time series, and assess the load sensitivity and alphabetization sensitivity in each ROI; finally, perform a random effects group analysis (paired t test) to assess, at the group level, whether there was a significant alphabetization effect or load effect. We predicted that these right posterior ROIs would not exhibit a reliable trend in either direction.
Maintenance vs. manipulation in dorso-and ventrolateral PFC.
Our experimental design also permitted us to effect a replication of a previous result from our group, that, whereas delay-period activity associated with Forward 5 trials was identified in both dorsolateral and ventrolateral PFC, voxels evincing significantly greater working memory manipulation (Delay Alphabetize 5 ) than working memory maintenance (Delay Forward 5 ) activity were only found in dorsolateral PFC (29) . This result was interpreted as evidence for a processing model of the functional organization of working memory in PFC (28) . We performed the maintenance vs. manipulation analysis by applying the two-tailed contrast (Delay Alphabetize 5 Ϫ Delay Forward 5 ) to dorso-and ventrolateral PFC ROIs in each subject.
Results
Maintenance vs. Manipulation in Dorso-and Ventrolateral PFC. Performance on the two five-item conditions was equivalent [Forward 5 ϭ 82.5% (SD ϭ 13.0); Alphabetize 5 ϭ 84.4% (SD ϭ 11.0)] and slightly lower than Forward 2 performance [91.3% (SD ϭ 8.4)]. Delay-period activity in the Forward 5 condition was observed (versus baseline) in dorsolateral PFC, bilaterally, in all five subjects and in four of five subjects in ventrolateral PFC: bilaterally in three subjects; in left hemisphere of subject 5; and in no ventrolateral PFC voxels of subject 2. Direct Table 1 5A-5F 5F-2F 5A-5F 5F-2F 5A-5F 5F-2F contrasts of blood oxygen level-dependent time series data in the Alphabetize 5 vs. Forward 5 conditions revealed significantly greater Delay Alphabetize 5 than Delay Forward 5 activity in dorsolateral PFC, bilaterally, in each subject (Fig. 2 a and c) . Such voxels were identified in ventrolateral PFC, however, in only one subject: in left hemisphere of subject 5.
. ROI-wide data (t values) by subject (and ROI), and associated group analyses

Alphabetization Sensitivity vs. Load Sensitivity in Dorsolateral PFC.
Within each subject, we found that the alphabetization-sensitive voxels in dorsolateral PFC were insensitive to variations of load (Fig. 2a) . We also identified load-sensitive͞alphabetization-insensitive voxels in dorsolateral PFC in two subjects: two voxels in right hemisphere in subject 5; and four voxels in left hemisphere in subject 1. The ROI-wide group analysis revealed significantly greater alphabetization than load sensitivity in dorsolateral PFC (Table 1) .
Alphabetization Sensitivity vs. Load Sensitivity in Left Posterior
Perisylvian Cortex. Load sensitive voxels were identified in each subject: in left area 40 (inferior parietal lobule) in three subjects; in left area 22 (superior temporal gyrus) in two subjects; in both areas 40 and 22 in one subject; and in left posterior, superior insular cortex (proximal to the parietal operculum and the supramarginal gyrus) in one subject † (Fig. 2c. ; Table 1 ). These suprathreshold voxels did not demonstrate alphabetization sensitivity in any subject. Within these ROIs, we identified alphabetization-sensitive voxels only in subject 5. These nine alphabetization-sensitive voxels were clustered along the border of areas 40 and 7 [centered at Talairach coordinates [Ϫ41, Ϫ56, 50)], a location markedly more caudal and superior than the clusters of load-sensitive voxels found in areas 40 and 22 in this subject (Fig. 2c) . This cluster of nine alphabetization-sensitive voxels also demonstrated significant load-sensitivity [t(1236) ϭ 2.8]. The ROI-wide group analysis revealed reliably greater load sensitivity than alphabetization sensitivity in left posterior perisylvian cortex (Table 1) .
Alphabetization Sensitivity vs. Load Sensitivity in Right Posterior
Cortex. We identified suprathreshold load-sensitive voxels in right posterior hemisphere in area 22 in two subjects, area 40 in one subject, area 39 in one subject, and area 18 in one subject for whom there were no suprathreshold load-sensitive voxels in a right posterior perisylvian region. Group analyses performed on the spatially averaged time series from these ROIs revealed no evidence of a reliable trend toward greater load than alphabetization sensitivity (Table 1) .
Discussion
The data presented in this report provide evidence for a functional neuroanatomical double dissociation of mnemonic processes and executive control processes that contribute to the storage and manipulation, respectively, of information in an item-position recognition working memory task. They are thus consistent with our view that working memory function arises from the coordinated recruitment of several independent cognitive processes that can be independently, differentially engaged depending on environmental demands. They are also consistent with the hypothesis that the nonmnemonic executive control processes that can contribute to working memory function are primarily PFC-mediated whereas mnemonic processes necessary for working memory storage are primarily posteriorly mediated (12) . This hypothesis is orthogonal to, and compatible with, evidence of a role for PFC in maintenance and rehearsal processes (9) and the likelihood that control processes important for working memory storage (43) are supportd by posterior brain areas.
The absence of a reliable load effect in dorsolateral PFC in the present dataset is consistent with other results from our laboratory obtained with an item-recognition task. These results revealed load sensitivity in dorsolateral PFC during the target presentation͞encoding portion of the task only and, as in the present dataset, a delay-period memory load effect in left posterior perisylvian cortex (44) . Taken together, these two studies suggest that previous evidence of load-sensitivity in PFC of subjects performing the n-back working memory task (25) (26) (27) might be ascribed to the operation of encoding-mediated processes, or perhaps of other executive control processes, but not to differential memory storage demands per se.
Our finding of a reliable load-sensitivity effect in left posterior perisylvian cortex is broadly consistent with reports of patients with dramatically circumscribed short-term memory spans who have lesions in this area (30) , as well as with the results of many previous neuroimaging studies (reviewed in refs. 45 and 46) . The considerable variability in the precise localization of loadsensitive͞manipulation-insensitive voxels across the five subjects in our study, however, raises questions about the nature of the mental processes underlying this load effect. This variability may reflect the fact that several discrete mental processes were sensitive to the variation of load in our experiment. The assembled evidence from patients with impairments of auditory-verbal short term memory (30) , however, is inconclusive with respect to the expected spatial variability in the neural circuitry supporting phonologically based short-term storage of information (46) . There is also a considerable amount of variability, both methodological and empirical, in functional neuroimaging data that is germane to this question (45, 46) . The present study uses neuroimaging methods featuring sufficiently high power and spatial resolution to permit investigation of this question in individual subjects. Further refinement of theoretical and computational models of verbal working memory will be required to conclude whether the intersubject spatial variability seen in the present dataset is characteristic of the anatomical substrates of the mechanisms supporting phonological storage or whether our results reflect the participation of many different processes in our task.
The data reported here also provide a replication and an extension of previous demonstrations of the differential recruitment of dorsolateral PFC by working memory tasks requiring the manipulation of memoranda (29, 47) . The results of these earlier studies had been open to the alternative interpretation that increases in the difficulty or complexity of working memory tasks might engender increased activity of the same process or system of processes that supported performance on the easier, or simpler tasks. Thus, according to this view, increased dorsolateral PFC activation associated with manipulation of letter (29) or spatial (47) stimuli may merely have reflected broader recruitment of the same processes involved in storage and maintenance of memoranda in working memory. The present results permit the rejection of this alternative hypothesis on two grounds. First, the double dissociation that they represent provides evidence that the neurophysiological factors underlying manipulation and storage differ qualitatively, and not merely quantitatively (48) . Second, the equivalent levels of performance on Alphabetize 5 and Forward 5 trials, two conditions matched very closely for perceptual and procedural content, obviate the possibility that differences in difficulty underlay the differential patterns of PFC activation associated with manipulation and † The left posterior perisylvian ROI for this subject, subject 4, was defined on that subject's axial T1 anatomical slices. The function of this area is poorly defined in humans, although the homologous region in the monkey is connected monosynaptically with polymodal areas of inferior parietal and superior temporal cortex and with ventral portions of frontal areas 8 and 46, as well as with somatosensory regions of the postcentral gyrus (40, 41) . We limited this ROI to insular cortex in the posterior 10 mm of the Sylvian Fissure because more anterior regions of insular cortex are considered a part of the accessory motor system (42) and therefore are likely to be functionally distinct. Trial-averaged time series from superior temporal gyrus and inferior parietal lobule (areas 22 and 40) voxels of subject 5 demonstrating significant load sensitivity but no alphabetization sensitivity. (c) Composite map displaying voxels from all five subjects, showing alphabetization sensitivity but load insensitivity in dorsolateral PFC and load sensitivity but alphabetization insensitivity in left posterior perisylvian cortex. T1-weighted anatomical slices are from a single subject and were normalized to the template brain in Talairach space that is provided in the SPM96b package (http:͞͞www.fil.ion.ucl.ac.uk͞spm). Four ROIs (also defined on the same normalized brain) are overlaid on the anatomical slices and depicted in four translucent colors: white, dorsolateral PFC; light blue, left area 22; dark blue, left posterior, superior insular cortex; purple, left area 40. Individual data from each subject, in the form of suprathreshold voxels identified by the alphabetization sensitivity and load sensitivity hypothesis tests, are displayed in five colors: subject 1, light green; subject 3, red; subject 4, orange; subject 5, yellow; white, locations with overlapping voxels from two or more subjects. (Subject 2 had no nonoverlapping voxels; subject identifying numbers correspond to the numbers in Table 1 .) Loci of suprathreshold voxels (or clusters of contiguous voxels) for each subject, represented in normalized coordinates representing distances in mm of centers of voxels͞voxel clusters in the x, y, and z directions from the origin, were: Subject 1, 10 PFC voxels (37.5, 41, 15) , (Ϫ56, 30, 10), (37.5, 19, 50) ; 2 left area 40 voxels (Ϫ45, Ϫ60, 55). Subject 2: 2 PFC voxels (Ϫ56, 0, 45), (41, 7.5, 45) ; 1 left area 40 voxel (Ϫ64, Ϫ49, 17.5). Subject 3: 2 PFC voxels (32, 20, 35) , (Ϫ50, 0, 40); 1 left area 22 voxel (Ϫ64, 15, 0). Subject 4: 10 PFC voxels (30, 45, 20) , (35, 25, 35) maintenance of information in working memory. One recent study of maintenance versus manipulation of spatial stimuli has marshaled similar evidence against the difficulty interpretation of spatial manipulation-related activity in dorsolateral PFC (49) , and a second has replicated these results in an event-related fMRI study of maintenance versus manipulation in spatial working memory that featured closely matched behavioral conditions. ‡ The model of the neural organization of working memory function in PFC that arises from the present study is one in which PFC can be recruited broadly by tasks requiring simple maintenance of information across a delay period-dorsolateral regions as well as ventrolateral regions. Dorsolateral regions alone, however, are recruited to an additional extent by the requirement to manipulate information held in working memory. This model is broadly consistent with the results of several neuropsychological studies in suggesting the attribution to dorsolateral PFC the support of the operation of executive control processes that can contribute to working memory function (12, (50) (51) (52) (53) (54) (55) (56) . Our model differs in some details, however, from other processing models that suggest a strict segregation of maintenance-and manipulation-related function in PFC, with only ventrolateral regions supporting maintenance processes and only dorsolateral regions supporting manipulation processes (3, 48, 57) . Our data are also at variance with the prediction arising from several previous neuroimaging studies (reviewed in ref. 57 ) of a left lateralized focus of working memory maintenancerelated activity for verbal stimuli. Additional studies are required to determine the extent to which the instances of empirical variation that are reviewed in this paragraph are attributable to differences in behavioral methods, in neuroimaging technique, and͞or in data analysis methods.
